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1. Abstract

The objective of this program was to better understand the
factors affecting the operation of CdS/CuxS and (CdSZn)S/CuXS
photovoltaic cells. The approach was to systematically study the
single crystal heterojunction so as to eliminate the complicating
effects of grain boundaries. Single crystal CdS and (Cd,Zn)S thin
films were deposited onto both GaAs and Ge substrates by a hot-wall
vacuum deposition technique. These grown films were studied using
X-ray diffraction, SEM-EDAX, TEM and Hall Effect experiments. Inform-
ation concerning the effects of varying processing parameters on the
chemical and structural nature of the deposited films was obtained.
Detailed TEM studies revealed the presence of different dislocation
structures which can affect the cell performance. Heterojunctions
with CuXS were formed by the solid-state ion-exchange method and
reactive sputtering (performed by the Lawrence Livermore Laboratory).
Current-voltage and spectral response measurements of these cells were
performed. The relationship between structural information and cell

operation was studied. Suggestions for further work are outlined.






2. Introduction

2.1 Objective

The objective of this program was to investigate the
CuXS/(Cd,Zn)S photovoltaic cell in order to better understand the
factors that may be affecting its conversion efficiency. This has
involved a detailed study of the growth and characterization of
(Cd,Zn)S thin films and their heterojunction with CuXS,

2.2 Background

The CuXS/CdS thin film solar cell offers the advantages of both
Tow cost material and low cost processing technology. The large-scale
terrestrial use of the CdS cell has been delayed, however, by at least
two major problems: relatively low efficiency and uncertain device
lifetime. Ameliorating these two problems has been the object of
several research programs both in Europe and the United States within
the past decadee1 Although there has been some success in these
aims, present day cadmium sulfide cells remain Tess than 10 percent
efficient and possess no longer than about a 20-year expected life.

A perturbation of the CdS cell is the replacement of the n-type
side of the junction by (Cd,Zn)S. The addition of ZnS to form the
continuous solid solution (Cd,Zn)S is expected to have several bene-
ficial results, including (1) higher open-circuit voltage, meaning
higher efficiency, (2) greater stability because of the decreased
copper diffusivity in the mixed crystal (Cd,Zn)S, and possibly (3)
higher short-circuit current because of a better lattice match at the
interface. Initial studies performed on bulk single crysta12 and

3

polycrystalline” (Cd,Zn)S thin films have shown the expected



increase in open-circuit voltage. However, a decrease in short-
circuit current with the addition of ZnS, was observed for the
polycrystalline cells., In forming the CuXS layer by a conversion
process the presence of grain boundaries in polycrystalline material
results in a very complex interface. This presents a very difficult
problem in attempting to analyze the electrical, chemical and struc-
turaﬁ nature of the heterojunction. Our approach has been to form a
more simple planar interface by studying single crystal (Cd,Zn)}S thin
films and their heterojunctions.
2.3 Approach and Methods

In order to eliminate the complicating effects of grain
boundaries, single crystal (Cd,Zn)S thin films have been grown. A
hot-wall vacuum deposition technigque was employed for the epitiaxial
growth of (Cd,Zn)S closely paralleling the vacuum evaporation method
used for conventional CdS thin film cells. The formation of the
CuXS layer was accomplished by two methods: (1) conversion of part
of the (Cd,Zn)S layer by a solid state ion exchange reaction, or (2)
reactive sputtering performed by the Lawrence Livermore Labora-
‘torya4 The grown films and completed heterojunctions have been
studied in a variety of ways using scanning electron microscopy with
an energy dispersive x-ray analyzer (SEM-EDAX), x-ray diffraction and
transmission electron microscopy (TEM). Electrical and optical
measurements performed include Hall Effect experiments, current-
voltage characteristics using a low frequency curve tracer, and
spectral response measurements using a microprocessor-controlled

apparatus.



3. (Cd,Zn)S Film Growth and Characterization

3.1 Experimental Methods

In order to obtain single crystal (Cd,Zn)S thin films for test
devices a hot-wall vacuum deposition technique was adopted. Results
from these growth experiments should be applicable to vacuum evapor-
ated polycrystalline films. The design of the growth apparatus was
modified from that of Behrndt and Moren05 to include separate
sources for simultaneous and/or sequential evaporation of ZnS and CdS
(the difficulties experienced with single source evaporation of
(Cd,Zn)S has been reported by L. C. Burton, T. L. Hench and J. D.
Meakin6)e One baffle was placed between the two sources to prevent
cross contamination and another between the sources and substrate to
prevent spitting from the evaporating charges. A longitudinal cross
section of the apparatus is shown in Fig., 3.1. Chromel-alumel thermo-
couples were placed against the alumina cylinder wall and substrate
nolder to monitor temperatures. The temperatures of the two indivi-
dual sources were controlled by varying the power delivered by
separate constant current power supplies. The mass of the ZnS and CdS
charges were measured before and after each deposition run to give
values for a normalized growth rate. A number of appropriate modi-
fications were made later to the growth apparatus in order to achieve
the desired results and are discussed in the following sections.

In operation the vacuum system containing the hot-wall apparatus
is pumped down into the 10m6 torr range and the cylinder and sub-

strate are heated separately to 400-600°C. The substrate holder is
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then Towered into position on the cylinder and allowed to equilibrate
to the desired deposition temperature. The substrate is maintained at
a temperature Tower than the other parts of the growth chamber so that
when the two sources are turned on, most of the vapor species will
condense on the substrate and substrate holder. During the deposition
the power to the sources and the temperatures of the cylinder wall and
substrate are monitored.

Both (111) and off-(111) GaAs surfaces were used for the hetero-
epitaxial growth of (Cd,Zn)S because of the good thermal expansion and
lattice parameter matches (see Table 3.1). (111) Ge substrates were
also used and the substrate preparations developed for the different
substrates are outlined in the individual Film Growth sections.

P. Cherin, E. L. Lind and E. A. Davis have fouﬂd7 that (Cd,Zn)S
forms a continuous series of solid solutions oVer the composition
range from CdS to ZnS. They also reported a definitive calibration
for lattice constants in which the variation of lattice parameters
with composition was found to obey Vegard's law. This relationship
was used to determine the composition of the grown films by measuring
the d-spacings obtained from x-ray diffractometer scans. The surface
morphology and composition profiles were examined using the SEM with
EDAX attachment. More detailed structural investigations were per-
formed using the transmission electron microscope as described in

Section 4.



Table 3.1 Semiconductor Properties
Crystal Lattice Constant Linear Thermal Expansion
Material  Structure {Room Temp.) Coefficient (RT > 800 C) Electron Affinity
(A) (107/°C) (eV)
cdsS Wurtzite a = 4.1372 1 ¢ 5.00 4,50
c=6.716 I ¢ 2.5 4,87¢
ZnS Zincblende a = 5.4092 6.5 - 8.50 3.9f
GaAs Zincblende a = 5.6544 6.720 4,074
5.7 - 7.3¢C
Ge Diamond Cubic a = 5.658¢ 6.2b 4,139
5.7 - 7.6¢
References:
a. W. L. Roth, in "Physics and Chemistry of II-VI Compounds, "pp. 127-128, M. Aven and J. S.

Prener, Eds., North-Holland, Amsterdam (1967). ‘
b. W. M. Yim and E. J. Stofko, J. Electrochem. Soc. 119, 381 (1972).

C. “Thermophysical Properties of Matter," Volume 12,"Y. S. Touloukian, Ed., IFI/Plenum, New

York {

1970).

d. A. G. Milnes and D. L. Feucht, "Heterojunctions and Metal-Semiconductor Junctions,”
Table 1.2, p. 8, Academic Press, New York (1972).

~=h (D

J. A. Van Vechten, Phys. Rev. 187, 1007 (1969).
R. K. Swank, Phys. Rev. 153, 844 (1967).

Surface value.



3.2 Film Growth Results

a, Initial Growth Experiments

The initial growth runs were conducted using the hot-wall
apparatus as shown in Fig. 3.1 to determine the conditions necessary
for single crystal (Cd,Zn)S growth on (111) GaAs substrates. It was
found that cross-heating between the evaporation sources in the growth
chamber was negligible. Therefore, it was hoped that by determining
the growth rates of CdS and ZnS separately these results could be used
as a first approximation to the correct evaporation conditions for a
given Cd-Zn ratio in a co-deposition. A very simple model was found
to give a good fit to the growth of CdS deposits under several differ-
ent growth conditions. However, it was then discovered that, although
there was no thermal interaction of the sources, enough Zn vapor found
its way around the baffles to the CdS source to drastically affect the
CdS vaporization rate. This finding has also been reported recently
by researchers at the University of Delaware, Institute of Energy
COnversion,6 To circumvent this problem, an iterative procedure was
used in which a given combination of source temperatures was tried and
the resulting film composition determined from the x-ray diffracto-
meter peaks. The temperatures were then changed in the appropriate
directions for the next deposition in order to approach the desired
composition.

In addition to the x-ray diffractometer measurement which gave a
fairly precise determination of the surface layer composition and an

idea as to the degree of polycrystallinity, the film composition as a



function of depth was measured by two other means. The more precise
of these was the electron microprobe which was used to scan an angle-
lapped section of the film. Figure 3.2a shows the results of such a
scan on an early film having large composition gradients. When
reasonable care was taken, this kind of measurement gave relative
accuracies of the order of 1 percent,

A more qualitative, but also much more readily performed, measure
of the transverse film composition was provided by the energy disper-
sive x-ray analyzer (EDAX) in the scanning electron microscope (SEM)
with the vertical deflection of the beam-scan turned off. Using this
technique, one could observe the composition profile at a cleaved edge
of the film. Figure 3.2b is an example of such an experiment per-
formed on thé same sample as shown in Fig. 3.2a. Seen in Fig. 3.2b is
a triple exposure of the same area of the specimen, at the same magni-
fication, but in two operating modes. The two white lines graphically
depict the film composition versus depth, i.e., the vertical displace-
ment is proportional to the weight percent of the element being
analyzed, The background "picture" is a normal SEM micrograph taken
after the line scans in which the darkened band shows where the elec-
tron beam was repeatedly swept for the composition analysis. Note
that the electron microprobe and SEM-EDAX analysis are in excellent
qualitative agreement.

Figures 3.3a and b show respectively an EDAX profile of the
cleaved edge and a Tow-magnification SEM micrograph of the top surface

of a later grown film. It can be seen that this film is much more



10 |
I g6 000%000 Sample No. 8A3
oool * ®
! -~
§ s !
osf | '
‘ L}
| §
i i
| . @ 69’;
o6 | !
| o e
] }
i . !
i LIPS @ !
0.4 | ¢ 4
| . §
By ®
i T
i |
o2t | -~ !
‘ pm |
i in thicknass diraction i
i
o § i
H
| §
g i P
: ¢ Angle-lopped
|

\ Surface

XBB 771-148

b

Figure 3.2



771-149

33
5353

X



11

nearly uniform than that of Fig. 3.2. The x-ray diffractometer scan
of the sample of Fig. 3.3 showed evidence of some polycrystallinity in
the film. It was discovered that the irregular shapes visible
primarily on the tips of the hexagonal pyramids of Fig. 3.3b were
responsible for the extra x-ray peaks. The morphology of the cleaved
surface suggested that the misoriented grains existed only at the top
surface of this sample.

Table 3.2 summarizes the experimental conditions and results for
this group of films. The large scatter in thickness of the films
grown under apparently similar conditions was thought to be due to
escape of part of the charge at the seam between the hot-wall cylinder
and the bottom end-plate. This view was supported by the observation
that the background pressure outside the cylinder on some runs was
much higher than for others where the resulting films were thicker.

One interesting result of these initial growth experiments
concerns the differences in film growth on the Ga and As faces of the
GaAs substrates. The GaAs wafers were supplied with one face
polished, and this side was used for Films 10126 through 10266,
However, when it was discovered that the wafers had all been polished
on the same crystallographic face, the As (111) or B-face, deposition
on the opposite face, the Ga or A-face, was tried. It was found that
growth on the Ga face has a greater tendency toward monocrystallinity
and, further, it seemed to proceed at a higher rate (see the results

for Film 11036 in Table 3.2). However, because of the difficulties



Table 2.2. 1Initial Film Growth Experiments

nsS Cds Run Cylinder Substrate Crystallinity
Current Current Duration Temp, Temp. s = single Thickness Composition y in

Run {amps } {amps ) {minutes) c) ¢y p = poly (pm) Cd y_y InyS for {nk1) Substrate

10126 46 30 60 500 495 B 30 {002) y = .15, .86 (II1) as
(103} v = .26
(004) y = .22

10136 46 25 60 600 480 B 30 {002) y = .10, 1.0 Zns  {IID) As
(102) y = .08
(103} y = .10

101585 43 25 50 600 485 - - Non-Uniform (I as

16186 41 23 60 600 470 B ~ 24 {002) y = .13 (IiD) as
(102) y = .20
(103} y = .15
(104} y = .10

10206 37 20 90 600 460 P 7 {002) ¥y = 1.0 ZnS (II1) as
{102) y = .31
{103) y = .29

10246 37 20 90 550 420 s ~ 2z (002) ¥ = 1.0 InS (II1y as

10256 39 23 90 550 420 s ~3 (002) ¥ = 0.70 (111) &s ™o
Broad X-ray peak

10266 39 24 180 560 430 B ~ 11 (002) v = .80 (111 as
(102) y = .28
{103} y = .28

11036 39 24 110 560 430 B 10 {002) Ces .
{101} y = .10 {111) As
(102) y = .13
(103) v = .13

o 10 - 45 {002) vy = .10

(102) y = .12 {111} &a
(103} y = .15 {unpolished)
(004) y = .15

1105% 39 24 110 5560 430 D 12-20 (102) y = .10 {111) Ga
{103) vy = .11 {poiished)

11096 37 22 180 560 420 rg" <1-13 {002) ¥ = .15 {111} Ga
(002) y = .75 (polished)

11175 37 22 180 560 395 - <1 - Baffie 2

used

11226 38 22 180 500 450 5 <1 {002) Zn$ {111) 6a

(008} InS {unpotished)




mentioned earlier, this latter result was less certain. This
difference in growth behavior is possibly due to the difference in
stacking sequence for films grown on A- or B-faces.

b. Growth on (111) Ga-face GaAs Substrates

In order to prevent the cross contamination of the CdS charge by
the Zn vapor and also escape of the vapor at the seams, a quartz
cylinder with integral baseplate and baffle was used for subsequent
runs as shown in Fig. 3.4, The two sources, each containing a charge
of sintered grains of CdS or ZnS (Orion Chemical Company 5-9 pure),
had quartz wool plugs and Ta baffles within the alumina crucibles to
reduce splattering. Also shown in Fig. 3.4 is a metal block (initi-
ally Cr-plated copper and later Mo) positioned on top of the substrate
to act as a heat sink for the GaAs. A thermocouple was placed within
the heat sink to monitor the substrate temperature.

The results and the experimental conditions for the growth runs
on the (111) Ga face are summarized in Table 3.3. These films were
mostly epitaxial single crystals, as determined by x-ray diffracto-
metry (those with some polycrystalline growth had off c-axis diffrac-
tion peaks with intensities at least two orders of magnitude less than
that of the (002) peak). The composition of the films was determined
from the (004) d-spacing.

It was observed that the perimeter region of the deposited film,
which was shielded from the growth chamber by the substrate holder,
showed different contrast in the SEM than the rest of the mixed

crystal. This can be seen in Fig., 3.5a which is a micrograph of the
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Table 3.3. Film Growth Experiments on (111) Ga-Face Substrates

ins Cds Run Cylinder Substrate InS Rate CdS Rate Ins Thickness Growth Rate,
Power Power Duration Temp. Temp. (S.5.) RznS Red Mole 9 T dt/dt g

Run {watts) (watts) {minutes) (°cy (°c) (mmoTefhr}  (mmole/hr) Fraction (RZnS/RTota“i) {um) (A/sec) (Afumole)
2047 304 120 60 550 (430) 6.05 13.31 0.29 .312 37.5 104.2 19.37
2097 343 102 30 560 (430) 8.17 16.72 0.29 .328 5.2 28.89 4.18
2107 400 99 60 560 {440) 14.62 14.06 0.90 .510 15.0 41.67 5.23
2167 395 9% 69 510 {450) 10.38 10.65 0.90 493 5.7 15.83 2.71
3037 267 96 60 560 {445) 3.83 10.0 0.24 .277 8.0 22.22 5.7%
3297 225 93 60 560 (449) 2.64 13.80 1.00 .161 2.0 5.56 1.22
4317 263 92 60 560 (455) 3.93 11,64 0.82 .253 1.0 2.78 0.64
4057 244 90 60 560 (465} 1.19 2.77 0.31 .301 1.0 2.78 2.53
4377 320 119 60 600 (500) 4.98 8.32 0.82 .374 2.5 6.94 1.88
4137 250 1c5 60 560 (420) 0.95 4.40 0.17 180 6.3 17.5 11.74
T4197 240 105 120 550 (420) 0.83 3.58 0.22 .187 9.0 12.5 i0.18
L4267 270 112 120 560 440 1.77 5.44 0.19 .245 23.0 31.94 i5.94
5257 258 100 129 560 425 1.29 4.34 0.15 .230 17.0 22.51 15.1

6067 320 100G €0 500 475 4,24 4.63 1.00 .478 <1.0 —— e
£077 250 102 60 600 470 2.11 8.24 0.24 204 3.5 9.72 3.38
6147 262 192 60 600 420 1.98 5.54 0.27 .263 3.5 9.72 4.65
5167 286 105 50 600 460 1.66 9.61 0.19 .148 5.0 13.89 4,44
8177 195 &3 20 600 330 0.41 5.25 0,11 .073 9.0 16.67 0.6

6267 182 89.6 90 500 460 > 400 0.53 5.30 g.11 091 10.0 18.52 i1.4

8217 212 89.6 20 600 430 » 420 0.88 5.92 0.17 .130 6.0 111 5.88
6237 212 89.6 90 600 340 1.15 4,76 0.17 .195 5.0 9.26 5.64
6277 199 89.6 90 600 340 e 3.72 0.07 — 12.0 22.22 e
7257 2 36.8 g0 600 350 0 4.08 0 0 4.0 7.41 5.54
2137 215 89 50 600 340 6 7.08 0 0 15.0 27.78 14.16
8187 216 89.6 &0 600 400 0.89 5} 1.0, 1.0 <1.0 e —_—

8317 228 89.6 9¢ 600 370 1.03 5.77 0.05 135 21.6 40.0 i8.47

Gl
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top of a (Cd,Zn)S specimen which was cleaved for transverse compositional
analysis. The x-ray mapping technique of the SEM-EDAX

was used to show the origin of this contrast difference. In the x-ray
mapping mode the concentration of an element is related to the density
of dots in each area on the display screen. Figure 3.5b is such a map
of the same specimen as in Fig. 3.5a with the x-ray analyzer set up to
detect Cd. Enhanced concentration of Cd in the perimeter region can

be seen. A more precise measurement by x-ray diffraction determined
this area to be "pure® CdS. This result can be explained by the

higher surface diffusivity of Cd compared to that of ZIn.

It was found that no cross—contamination of evaporation charges
occurred due to the integral baffle in the quartz hot-wall cylinder.
This has resulted in far better processing control of the mixed
crystal films and also in compositional uniformity. Figure 3.6 shows
the x-ray line scans of the cleaved cross-section of a grown film for
Cd, Zn and S which are seen to be relatively uniform through the film
thickness.

The SEM was also used to characterize different surface
morphologies of the mixed crystal films. Figure 3.7a shows the rough
surface of a polycrystalline film. In contrast, the surface of a
single crystal film with a high growth rate (Film 4267) is shown in
Fig. 3.7b. In most of the deposited films cracks were observed. Fine
randomly oriented cracks were found for Film 5247, as seen in
Fig. 3.8, Long cracks propagating along the (1120) crystallographic

directions were observed for Film 6077 (Fig. 3.9). Film growth over a
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crack, as seen in Fig. 3,10 (Film 5117), indicates that the cracks
were formed early during crystal growth. Cracks have also been
observed for (Cd,Zn)S films grown on (111) GaAs substrates by the
close-space transport me'thode8
In an effort to determine the origin of these cracks, Film 4197
was polished and then etched for 30 seconds in ~50 percent HC?:szg
Figure 3.11 shows the result of this treatment and indicates that the
cracks extend through the thickness of the (Cd,Zn)S film. X-ray
diffraction analysis revealed that GaS was present under the film
after the cracks were opened by etching, suggesting that a thin film
of Ga$ forming between the GaAs substrate and mixed crystal may have

been responsible for the development of these cracks. Further experi-
ments were conducted to determine the origin of this problem as
discussed in Section 3.2c.

The dependence of film composition and growth rate on the
experimental parameters was also studied. Both the growth rate and
composition were found to be extremely sensitive to the relative rates
of evaporation of the ZnS and CdS charges. Figure 3.12 shows the
variation of x, the ZnS mole fraction in the film, with e, the InS
fraction of spent charge. The data shown in this figure encompass
substrate temperatures from 330 to 475°C, cylinder temperatures
between 560 and 600°C and total charge loss rates from 3.96 to 28.68
mnole/hr. Almost all of the Ga-face films fall near the Tine shown in
the figure. There is apparently a preferential incorporation of ZnS

in the single crystal (0002) films. In spite of (or possibly because
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of ) this preference, the normalized growth rate, i.e., the growth rate
divided by the total charge loss rate, shows a rapid decrease with
increasing e as seen in Fig. 3.13. Figure 3.13 represents data for
films grown with a 600°C cylinder temperature at various total
charge loss rates and substrate temperatures. If the data of Fig.
3.13 are plotted vs. x, Fig. 3.14 is obtained, showing a somewhat
weaker, but still remarkable, dependence of g on x. The mechanisms
underlying this phenomenon are as yet not understood; however, there
is perhaps a clue contained in the calculations of Gilmer and
Be%mema9 based on computer simulations of crystal growth. They find
an exponential dependence of growth rate on the step formation
energy. Since the bond strength of ZnS is greater than that of CdS,
one might expect an increase in the surface step formation energy of
(Cd,Zn)S crystals as the ZnS fraction increases.

c. Effect of GaAs Substrate Preparation and Orientation

It was found that (Cd,Zn)S films grown on the (111) Ga face
developed cracks propagating through the thickness of the film and
also into the GaAs substrate. To eliminate this problem the effect of
different etchants, substrate surface and substrate orientation on
crack development was studied., These results are summarized in Tables
3.3 and 3.4A. The various substrate conditions examined were:

(1) (111) Ga face polished for ~ 10 sec on a microcloth
saturated with chlorox (Films 5247 through 6277).
(2) (111) Ga face polished for ~ 30 sec on a microcloth

saturated with 2 percent BrzCHBOH (Films 7297 through 8317).
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Table 3. Effect of GaAs Substrate Preparation and Orientation
ns Run Cylinder Substrate ZnS Rate CdS Rate Thickness Growth Rate
Power Duration Temp. Temp. R7ns Reas [} T di/dt g

Run  {watts) (minutes) (°C) {°c3 {mmo%e/hr) {mmole/hr) ((Rzps/R7otal) (um) (Bfsec) (R/umole)
9017 0 30 590 385 0 13.22 g 20.0 .1 30.25
9067 0 30 585 400 0 8.25 0 16.6 .55 24,24
9077 232 60 600 410 i} 8.31 [t} 27.5 .39 33,11
9097 232 60 600 380 0 5.67 0 18,0 .00 31.75
9107 232 60 600 410 0 2.64 0 6.6 .33 24.96
9127 236 60 500 420 0.72 3.27 G. 18.7 .94 46.92
9197 225 60 600 420 0.78 2.87 G. 15.0 .67 41.14
9207 232 60 600 420 0.70 2.56 0. 13.3 94 40,81
9297 250 60 600 420 0.75 2.33 0. 5.0 88 16.22
9307  22% 30 600 400 0.68 2.00 0. 8.0 R 59.69
12067 190 60 600 440 1.14 2.60 0. 8.3 .06 22.18
12137 200 60 600 440 1.05 3.05 G. 10.0 78 24.43
12167 184 60 500 450 Q 2.60 0 10.0 78 38.42
12197 172 &0 600 440 0 1,18 0 5.0 .89 42.24
1078 172 90 600 460 4] 1.47 0 10.0 52 45.43
1098 164 60 600 440 0 1.09 ¢ 4.0 .11 38.81
1118 170 35 600 440 0 e 4] A A A

* = Mo X-ray data available, estimated from EDAX.
A = Aborted run.

6¢
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(3) (111) As face etched for 15 minutes in 4:1:1

HZSO4/HZOZ/HZO followed by a 1 minute 2 percent Br:CH,OH

3
etch (Films 9017 through 9077).

(4) 14° off - (111) As face etched as in (3) (Films 9097
through 9297).

A1l GaAs deposition surfaces were initially mechanically polished
with 1y and 1/4 u diamond grit before etching. Prior to placement in
the vacuum system all substrates were washed in CHBOH and then blown
dry with Nza

A1l (Cd,Zn)S single crystal films grown on the (111) Ga face were
cracked regardless of the etchant. It was believed that a thin film
of GaS formed between the GaAs and the growing film. X-ray and
electron diffraction, and EDAX analysis confirmed the presence of this
sulfide. This film could be formed during the substrate preheating
procedure or in the early stages of the deposition. There is some
evidence in the literature to support this interpretation of our
results: Auger electron and x-ray photoemission spectroscopy have
shown there is an excess of Ga after a Br:CH3OH etch of the GaAs

10 Weinstein and WOTffll determined that for CVD epitax-

surface,
jal growth of CdS on the (111) Ga-face of GaAs the S-atom always
attached first to the substrate surface. This allows minimization of
the electrostatic interfacial energyalg Therefore, with the (111)
Ga-face substrates used in the present study the Ga-rich surface

layers after etching may incorporate sulfur leading to the formation

of a GaS layer which does not form with CVD because of in situ
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substrate etching. To prevent cracking of the mixed crystal film the
(11I) As face was used as the deposition surface. Since, on this
face, the first incorporated species is the cation, and etching does
not leave a gallium excess; there is no GaS formation, and the films
were uncracked.

Crack-free films have also been produced on substrates tilted 14°
away from (111). An interesting feature of film growth on these
tilted substrates is that they do not show as dramatic a dependence of
composition on the relative source evaporation rates as do the exact
(111) substrates. The extreme sensitivity of film composition to
deposition parameters for (111) substrates was discussed in the
previous section. Furthermore, as might be expected for higher step-
density substrates, the growth rates were higher with the tilted
substrates. However, it was observed that many of the films deposited
on the As face showed polycrystalline growth which may have been a
result of the higher growth rates.

Figures 3.15 through 3.17 show SEM micrographs of films grown on
tilted substrates. Figure 3.15 shows the cleaved edge of a film where
the cleavage steps are seen to be parallel to the substrate <111>
direction, just as in the case of non-tilted (111) substrates. In
Fig. 3.16 (Film 9207) elongated hexagonal faces are seen on the top
surface. A markedly different surface morphology showing ledges is
seen in Fig. 3,17 (Film 9107) in which the normalized growth rate was
lower. These ledges were perpendicular to the axis of rotation away

from the (111) substrate plane.
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To eliminate the possibility of further variations in substrate
surface condition, sputter—etching equipment was installed. Also to
obtain a cleaner vacuum (mainly reduction in hydrocarbons present) a
turbomolecular pump (Leybold-Heraeus 450 Turbovac) was used to replace
the o011 diffusion pump. Experiments using the sputter-etch procedure
(Films 12067 through 1118) were conducted on the following two GaAs
surfaces:

(1) ~14°-off (111) As face

(2) Cr-doped (111) As face with » > 10% g-cm
The Tatter substrates were to be used in making measurements of the
film resistivity. Both sets of substrates were given the following
etch procedure due to A. H. Kachare13

(1) 5 mins. 3:1 :: HZSOQ:HzO

(2) 1 min. 5:1:1 :: HZSO4:H202:H20

(3) 1 min. 7:1 :: Hy 50,4 :H,0 (immediately preceding

deposition)

A1l solutions were cooled in an ice bath. The substrates were washed
in methy! alcohol and blown dry with NZ prior to placement in the
vacuyum system.

In operation, to begin the sputter etching, argon was leaked into
the chamber while the main gate valve was throttled so that the
pressure was approximately 150 millitorr. D.C. voltages between 500 V
and 2.6 kV were used for times of 2-10 minutes with a cathode-anode

distance of approximately 2.5 cm, The substrate and cylinder were

then heated and the usual deposition procedure initiated. A
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photograph of the deposition apparatus with sputter-etch facilities is
shown in Fig. 3.18.

Lower growth rates, between 11-30 A/sec, were used for both kinds
of substrates. A1l films grown on sputter-etched substrates had both
(002) and off c-axis diffraction peaks as found by x-ray diffraction.
Single cfysta? and polycrystalline regions on the same film were
observed in the SEM as shown in Fig. 3.19. A summary of film growth
experiments using the sputter-etch procedure is given in Table 3.4A.

A possible explanation for the polycrystalline growth is
extensive ion damage to the substrate surface from the sputter-etch
procedure which would create heterogeneous nucleation sites. Figure
3.20 shows the growth of randomly oriented CdS grains from the
shortened deposition Run 1118. Films 1138 and 1178 were deposited
under the same conditions as the previous three runs but without the
sputter-etch procedure. The impréved epitaxy resulting in a highly
specular surface is shown in Fig. 3.21.

Since growth on Ga face GaAs substrates was found to be greater
than on the As face and epitaxy more readily achieved deposition
Runs 1208 through 3098 were grown on 14°-off (111) Ga face substrates
(see Table 3.4B). Some (Cd,Zn)S films were too thin (<1 uwm) for
analysis as can be seen in Table 3.4B. This was due to the very
sensitive dependence of growth rate on the relative evaporation rates

of CdS and ZnS, as discussed in the previous section.
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Table 3.4B. Effect of GaAs Substrate Preparation and Orientation
InS €ds Run Cylinder Substrate InS Rate €dS Rate InS Thickness Browth Rate
Pewer Power  Duration Temp. Temp. R7ns Reas Hole ] T dr/dt g
Run  (watts) (watts) (minutes) °¢) (°c) (mmo%e/hr) (mmogelhr) Fraction ((RZnSIRTotaI) (um) {A/sec)  (A/umole) Substrate
1138 184 39 60 600 490 ] 1.22 0 0 6.0 16.67 49,25 off (111)8
78 173 41 60 600 520 0 1.32 0 0 6.0 16.67 45.38 off (1118
1208 188 38 60 600 500 0 1.68 0 0 15.0 41.67 89.54 Off (111)A
1248 192 38 60 600 500 1.10 1.59 0.23 0.41 9.0 25.00 33.54 Off (111)a
1278 204 40 60 600 500 0 1.76 Y 0 15.0 41.67 85.31 Off (111)A
13c8 126 32 60 500 525 0 0.71 0 0 9.0 25.00 127.47 Off {111}A
2028 182 33 60 600 560 0.43 1.21 0.03 0.26 12.3 34.17 74.89 Off {111)A
2078 152 34.2 60 600 550 0.37 0.84 0.15 0.31 10.6 29.44 87.82 OFf {111)A
2098 164 32.4 60 600 530 0.28 0.98 6.03 0.22 11.3 31.47 90.41 Off (111)A
2273 137 30 60 600 420 0 0.32 g 0 3.0 8,33 94.22 Off (111)A
2223 122 3C 60 600 460 0.12 0.35 * 0.26 * * * Off (11134
3028 136 40 §0 &c0 490 0.15 0.62 * 0.20 * * * Off {111)A
3¢ 134 40 6C 600 480 0.08 0.66 0.03 0.11 5.5 15.28 74.35 OfFf (111)A
3098 136 42 65 600 430 0.09 0.75 * 0.11 * * * Off {111)A
£z63 118 38 60 630 430 e 0.57 o 0 * * * {Til)as
5302 140 36 60 660 470 ¢ 0.42 0 ] * * * {(ill)as
5028 130 44 60 600 480 0 0.64 0 0 * * * (111)as
5063 140 44 60 600 480 0 0.69 0 0 2.0 5.56 28.9 (111)Ga
5088 130 55 60 6G0 485 0 0.87 0 0 2.4 6.67 27.5 (111)Ga
358 itz 74 120 6C0 489 0 1.03 o 0 6.5 9.03 31.5 (111)6a
8308 216 93 120 600 420 0.85 1.58 0.08 0.35 8.0 .11 16.5 (111)6a
8318 261 33 120 600 420 1.62 0 1.00 1.00 ® * * {111)Ga
2978 181 48 60 600 430 Y 0.81 0 0 3.5 9.72 43.2 (1il)ca

*

= Fiim thickness less than 1 um; difficult to analyze.

Ly
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d. Films Grown in Van der Pauw Geometry

In order to correlate the structural perfection of the grown
films with their electrical properties, Hall Effect experiments were
performed to determine values for carrier concentration and mobility.
CdS films in the Van der Pauw geometry14 (see Fig. 3.22) were
deposited onto insulating (p > 107 Q-cm, chromium doped) (111) and
12°~off (111) towards (110) GaAs substrates. Tt was found that CdS
films grown on the As face were polycrystalline whereas films grown on
the Ga face were single crystal. An order of magnitude difference in
Hall mobility was found for these samples as discussed in Section 5.1.

Yoshikawa and SakailS reported that CdS films grown on GaAs
substrates in Hg gas by the close-spaced technique resulted in films
with Tow resistivity and carrier concentration as high as

5 x 1019 cm“ga

They determined for films grown at substrate
temperatures of 750°C for 10 min. that the dominant donor species was
Ga which had diffused from the GaAs substrate. CdS films for Hall
Effect measurements were grown on quartz and Corning 7059 substrates
to investigate the effects of autodoping. It was found, however, that
all films grown on these substrates were non-adherent even after
altering several processing parameters and substrate preparation
techniques. Qur Hall measurements made on single crystal and poly-
crystalline films grown on GaAs substrates are discussed in

Section 5.1, The results for films grown in the Van der Pauw geometry

for Hall Effect measurements are summarized in Table 3.5.
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Table 3.5. Films Grown in Van der Pauw Geometry

InS Cds Run Cylinder Substrate ZnS Rate CdS Rate Ins

Power Power Quration Temp. Temp. Ryps Reds Mole 8
Run (watts) {watts) {minutes) (°C) (°cy (mmole/hr) (mmole/hr) Fraction {R7ns/Regs) Substrate
2148 113 34.2 60 600 480 ] 0.34 0 0 {1i1)Ga
2158 136 33 60 600 420 0.10 0.37 * 0.22 (111)Ga
6148 130 70 60 600 465 0 1.29 0 0 (I11)As
6158 126 60 90 600 480 0 1.25 0 0 (Ii1)as
6198 122 53 90 600 460 0 1.22 0 0 Off (111)Ga
6208 122 59 60 600 470 0 0.79 0 0 Off (111)ca
6218 133 57 120 600 460 0 0.64 0 0 (111)As
7258 119 57 &0 600 470 0 0.87 0 0 Quartz
7268 135 70 60 600 460 0 1.40 0 0 Quartz
7278 137 70 60 600 470 0.13 1.25 0.03 0.10 Quartz
8018 145 73 60 600 440 0.13 1.20 0.03 0.10 Quartz
8148 164 74 60 600 440 0 1.29 0 ) Corning 7059
8168 148 81 60 600 420 0 1.47 0 0 Corning 7059
8178 202 73 60 600 450 0 1.37 0 0 Corning 7059
8288 130 70 126 500 350 0 —— 0 0 Corning 7059

* = Film thickness less than 1 um; difficult to analyze.

14/
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e. Films Grown on (111) Ge Substrates

Single crystal CdS and (Cd,Zn)S films were grown on GaAs
substrates because of the good thermal expansion and lattice parameter
match. However, current-voltage measurements of the n-CdS/n-GaAs
heterojunction showed a non-ohmic characteristic. Efforts were made
to etch the GaAs from the grown single crystal film for backwall cell
construction, but the thickness of the films (usually less than 10 um)
made handling extremely difficult (see the results for films grown on
GaAs substrates in Tables 3.4A and 3.4B).

To facilitate front-wall cell construction, a semiconductor
substrate forming an ohmic back contact was sought. Growth experi-
ments were conducted on (111) n-Ge substrates because of the good
thermal expansion and lattice parameter matching and its larger
electron affinity than GaAs (see Table 3,1). C€dS and (Cd,Zn)S films
were deposited on Ge substrates (purchased from Eagle-Picher,

o ~ 5 Q-cm) under growth conditions similar to those for GaAs sub-
strates., These films, however, were non-adherent. Abdalla, Holt and

16 observed no CdS film growth on Ge substrates heated above

Wilcox
550°C which they attributed to sulfur attack of the Ge resulting in a
pitted surface. Epitaxial CdS films were grown on Ge by lowering the
substrate temperature to approximately 320°C at the beginning of the
deposition., Good quality single crystal films of CdS were grown at
the lower substrate temperatures but upon addition of Zn, the (Cd,Zn)S

and further CdS films were cracked as shown in Fig. 3.23. In some

cases the films cracked during growth and etching of the Ge
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occurred through the cracks (Fig. 3.23a) resulting in non-adherent
films. These growth results are summarized in Table 3.6A.

Since cracking only occurred after a ZnS evaporation, it was
believed that the exclusion of Zn from the growth chamber would
eliminate this problem. An extensive cleaning and out-gassing proce-
dure was conducted before each growth run. Uncracked single crystal
CdS films were then routinely deposited. (Cd,Zn)S films were grown by
initially depositing a CdS layer (see Table 3.6B)., Because the hot-
wall cylinder was cleaned before each growth run, the effect of
cylinder wall temperature on growth rate could be more accurately
determined as shown in Fig. 3.24.

An effect of supersaturation on surface morphology was also

observed. Figure 3.25a shows the top surface of a single crystal CdS

film grown on (111) Ge in which the surface morphology is dominated by

)17 found for

hexagonal pyramids. Christmann, Jones and Olsen (CJO
CdS grown epitaxially on SrFZ substrates that the hexagonal pyramids
were associated with an excess amount of cadmium, and that they could
be formed by growth around a cadmium droplet. Cadmium droplets formed
when conditions existed which did not allow the cadmium adatoms suffi-
cient time to diffuse to their equilibrium positions. Figure 3.25b is
a SEM micrograph of a single crystal CdS film grown at a Tower cylin-
der temperature in which the supersaturation was less than in the
previous example. Hexagonal flat-tops are dominant which is in agree-

ment with CJO who showed that this morphology was the equilibrium

growth form produced by two-dimensional nucleation.
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Table 3.6A. Film Growth Experiments on {111)Ge Substrates

8

ns Cds Run Cylinder Substrate InS Rate CdS Rate In$ Thickness Zrowth Rate,
Power Power Duration Tenp. Temp. Rzns Red Mole ] T dr/dt g

Run (watts) {watts) {minutes) "0y 'y (mmo%e/hr) (mmo%e?hr) Fraction (RZnS/RTota!) {um) (Bfsec) {Afumole)
3148 157 50 60 600 420 » 450 0 ——— ¢ 0 NA NA NA
9158 144 60 60 600 400 » 440 0 0.65 0 ¢ NA NA NA
9198 165 52 60 600 415 » 450 0.13 0.66 ——— 0.17 NA NA NA
9218 154 51 60 540 320 » 420 0 0.17 0 0 * * *
9223 158 85 90 530 300 » 420 Y 0.24 0 0 * * *
9258 190 73 60 520 300 » 410 0.18 0.71 0.08 0.21 1.0 2.78 11.1
a238 192 84 120 520 315 » 410 0.17 0.81 0.08 0.18 2.5 3.47 12.7
10638 184 84 50 520 320 » 400 0.15 0.72 0.16 0.18 1.0 2.78 11.4
11038 184 84 60 560 320 » 420 0 1.80 0 0 3.9 10.83 21.7
11078 264 99 60 570 320 » 430 1.10 1.58 0.27 0.41 3.0 8.33 11.2
11088 233 97 60 ‘ 545 330 » 400 0.45 1.09 0.20 0.29 2.0 5.56 13.0
11218 203 96 120 520 290 » 360 0.02 0.63 LS1 LS 1.0 Lsi LSl
11288 255 96 150 510 310 » 390 0.42 0.64 LS1 L31 * LSl Lst
11298 255 96 180 500 320 » 375 0.44 1.27 {81 LS1 4.2 ts1 LS
12058 258 96 180 510 320 » 350 0.88 0.75 LS LSt 4.2 LSt LS1
12158 220 96 120 500 300 » 38058 0.28 .76 e 0.27 NA NA NA
115§ 225 96 120 500 300 » 39055 0.31 0.97 e 0.24 HA NA NA
NA Non-adnerent film

Film thickness less than 1 um, difficult to analyze
Ltayer Structure 1: {Cd,ZIn)S/InS/Ce
Stainless steel substrate holder used

"~
Y
R
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Table 3.6B. Film Growth Experiments on (111)Ge Substrates Using Outgassing Procedure

04

inS Cds Run Cylinder Substrate InS Rate CdS Rate ins Thickness Growth Rate,

Power Power Buration Temp. Temp. R7ns Reds Mole ] T dr/dt g
Run (watts) (watts) {minutes) (°C) (°c) (mmoTe]hr) (m’no‘Te/hr) Fraction (R o/Rrapa1) {um) [Afsec) {A/pmole)
4209 168 124 180 500 300 » 400 0 1.30 0 0 4.0 3.70 10.3
4249 111 12z 210 560 320 » 450 Y 2.66 0 ¢ 12.0 9.52 12.9
5018 114 108 180 600 330 » 450 0 1.75 0 0 10.0 9.26 19.1
517¢ 128 93 150 580 335 » 450 0.06 1.02 ~0 0.06 4.0 4.44 14.8
5233 240 111 120 600 340 » 500 1.57 3.74 0.21 0.30 15.0 20.83 4.1
5309 190 92 150 580 320 » 460 0.49 2.30 0.17 0.18 10.0 11.11 14.3
€289 244 118 180 580 340 > 48D 1.02 1.80 132 LSz 14.0 . LS2 Ls2
3248 105 120 180 580 330 » 390 0 2.05 0 0 8.0 7.41 13.¢
3319 270 63 180 550 340 > 490 1.26 1.33 LS3 LS3 2.9 LS3 1S3
8269 105 120 180 530 3206 » 400. 0 1.68 0 0 1.7 1.57 3.4
1040 100 108 180 580 320 » 360 ¢ 1.21 ] 0 6.0 5.56 16.6
182 = tayer Structure 2: (Ldg s3Ing,17)5/CdS/Ge
1S3 = Layer Structure 3: InS/CdS/Ge
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4, Transmission Electron Microscopy Studies

4.1 Single Crystals

The microstructure of a typical single crystal CdS film grown at
this laboratory is shown in the electron micrographs in Figs. 4.1la, b
and ¢. A loose network of curved dislocation lines along non-crystal-
lographic directions as in Fig. 4.1a is most commonly observed. The
dislocations lie mainly in the plane of the foil, i.e., in the basal
plane of the hexagonal wurtzite structure of CdS. However, structures
as in Figs. 4.1b and ¢ are also found in the same film with many of
the dislocations lying at an angle to the basal plane and hence inter-
secting the foil surfaces. The dislocation density in Fig. 4.1c
corresponds to that of a well-annealed film of CdS as shown by Wilcox

and Ho?tglg

while Figs. 4.1la and b have somewhat higher densities.

No evidence of either the cubic form of CdS (sphalerite
structure), twins, or of planar faults (e.g., stacking faults or anti-
phase boundaries) was found in any of the CdS films grown on (111) Ge
substrates. This is in agreement with the literature which reports
observing such planar faults or cubic inclusions only for the growth

16,18 Also 1in

of CdS on other substrates and surface orientations.
accord with the 1iterature318 dislocation loops were observed as

shown by the arrows in Fig. 4.1. The nature and origin of these loops
have not yet been determined. More generally there are no published

experimental results on the nature of dislocations in CdS and their

Burgers vectors. This severe lack of experimental data on such
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elementary defects in CdS must be attributed to the extreme difficulty
of preparing thin foils for electron microscopy from "thick" (~ 10 um)
films. (One way to circumvent this problem is, of course, to grow
very thin films (< 1 um), but such films might not be representative
of the thicker films actually used in devices.)

Because of the difficulties in thinning foils for electron
microscopy, a more detailed account of the technique used is given in
Section 4.3. Fig. 4.1 is representative of the quality of foils
prepared by the most successful technique perfected only recently.

A1l other electron micrographs in this report contain artifacts which
are attributed to the thinning procedure. Some of them are severe
enough to mask entirely the original microstructure of the film.

The spotty background structure in Fig. 4.2 is one of the minor
artifacts encountered and is weak enough still to allow a partial
disTocation analysis. Figs. 4.2a, b and c are electron micrographs of
the same area in a single crystal CdS film, using different diffrac-
ting conditions (g-vectors). If the Burgers vector b of a dislocation
is perpendicular to the g-vector in a given diffracting condition, the
disTocation will be invisible (&«E = 0). This is shown in Fig. 4.2
for the dislocations near x and y. In Fig. 4.2c both dislocation
lines are visible. In addition to the dislocation from x to y, there
is apparently another dislocation which is parallel to the first one
at x and is bent at its ends. These two dislocations are separately
out of contrast in Figs. 4.2a and b, respectively showing that they

have different Burgers vectors; one with a component
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along [OliO] and the other one with a component along [1210]. A more
complete analysis must also establish the components of the Burgers
vectors along the c-axis (if any), i.e., at least two diffracting
conditions for which §°5 = 0 must be found. The analysis presented
in Figs. 4.1 and 4.2 is an example of the type of TEM work anticipated
for future studies on CdS films which are now possible because of the
development of a successful thinning technique. Similar electron
microscopy experiments of an exploratory nature will be shown in the
section on CuXSe
4.2 Ton Damage

A convenient method for preparing thin electron transparent films
of materials difficult to thin otherwise is the technigue of ion
milling. The surface of a pre-thinned specimen is bombarded with
argon ions accelerated in a field of up to 10 kV. In most covalent
substances, this produces only minor surface damage leaving the bulk
of the material unaffected. It was found that all of the CdS films
thinned by ion milling showed a very high density of small defects as
shown in Fig. 4.3. 1In order to investigate the possibility of this
defect structure being an artifact, a sample of bulk single crystal
CdS as grown from the melt was thinned chemically and examined in the
electron microscope (shown in Fig. 4.4a). No defects of any kind
could be found, as demonstrated by the clean extinction contours
parallel to the edge of the foil. When the same specimen was then
subjected to the same ion milling treatment as the previous vapor-

grown films, the structure in Fig. 4.4b was observed. This
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structure is identical to the ones shown in Fig. 4.3 and is entirely
due to jon damage. Subsegquent ion bombardments at lower accelerating
voltages reduced the density of defects but could not eliminate them
completely even at 1.1 kV (see Fig. 4.4d).

In general, the process of ion milling depends on the energy
transfer between an incident Ar-ion and a surface atom of the bombar-
ded CdS. In an inelastic collision, enough energy is imparted to the
Cd or S atom to remove them from the crystal surface. Usually, this
"ion damage" is confined to a thin surface layer and does not affect
the structure of the bulk crystal. Apparently there is a mechanism
for CdS which allows the damage to extend beyond a thin surface
layer. A possible explanation for this phenomenon is a combination of
irradiation damage and a chemical reaction of the CdS with residual
gases 1in the vacuum of the ion milling apparatus. Such a mechanism
would be favored by the beam-induced heating of the specimen and is
supported by the observation of second phases near the supporting Cu
grid. Further evidence for a beam-induced chemical reaction is the
fact that CdS films also deteriorate during observation in a 100 kV
electron microscope, resulting in a background structure as the one
shown in Fig. 4.2. However, the literature on radiation damage in
semiconductors indicates that CdS has two distinct threshold energies
for displacement by high energy electrons (115 keV and 300 kev)919
both higher than the 100 keV of a standard electron microscope.

Therefore, the observed background structure cannot be
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the result of simple displacement damage and must originate from a
more complex process probably involving a chemical reaction.

In the absence of a more detailed understanding of the
mechanisms responsible for the observed damage, it was decided that
jon milling was unsuitable as a technique for thinning CdS for elec-
tron microscopy and a different technique using chemical polishing was
investigated. The final technique is described in detail in the
following section.

4.3 Preparation of Thin Foils for Transmission Electron Microscopy

Transmission electron microscope specimens were prepared by
ultrasonically cutting 3 mm discs and mechanically thinning the Ge
substrate to approximately 5 mils in thickness with 600 grit silicon
carbide abrasive paper. The as grown CdS vapor deposited films were
then thinned on the chemomechanical polishing apparatus shown in
Fig. 4.5 (reproduced after Ref. 20). Specimens were mounted on the
7.7q teflon specimen holder. The polishing wheel which is 12 in. in
diameter was covered with a polishing cloth (Buehler AB Selvyt) and
was rotated at a speed of 85 R.P.M. Twenty percent HC1 (volume
percent of conc, HC1) was fed onto the polishing cloth at a rate of
approximately 3 cc/min. Specimens were made at e angles ranging from
15° to 68" with no difference in polishing results. Farly specimens
however polished on Leco Pan W cloth showed scratching at e angles
below 65°. The average thinning rate was 1.3 u/hr.

After the CdS was thinned the specimens were masked with Lacomit
Laquer leaving a 0.5 mm area of Ge exposed in the center of the

specimen., The exposed Ge was removed by chemical polishing in a
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gravity flow jet polisher. The polishing solution consisted of

87 pts. conc. HNOB9 13 pts. conc. HF, and 50 pts. conc. acetic
acid. The solution provided a reasonable polishing rate for the Ge
(approximately 1,700 A/sec.) and did not rapidly attack CdS.

The specimens were cleaned, then dipped for 1 sec. in 2 pts.
conc. HN035 1 pt. conc. HF, and 2 pts. conc. acetic acid to remove
any possible surface damage caused by the chemomechanical polishing.
Specimens were also prepared by dipping them in this solution prior to
the Ge removal,

4.4 Polycrystalline CdS

In order to compare the microstructures of single crystal CdS
grown at this laboratory with polycrystalline CdS films produced by
other investigators studying CdS/CuXS photovoltaic cells, films
prepared by the Westinghouse and University of Delaware research
groups were examined with the following results.

When vapor deposited polycrystalline CdS films after etching in
HC1 are examined in the SEM (Figs. 4.6a and b) features 1-10 u in size
are observed. These are usually interpreted as high angle grain
boundaries. Etching these films in H3PO4 at 180°C provides some-
what better delineation of the grain boundaries; however, features
smaller than 1 p are usually not reported. When examined by TEM how-
ever, these polycrystalline films, besides the various high angle

boundaries (Fig. 4.6¢), also showed small angle boundaries (Fig. 4.6d).
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Electron diffraction patterns obtained from a Westinghouse CdS
film (sample #478) confirmed that the top layers of the film were
being examined; this is because a highly oriented (002) ring pattern
(Fig. 4.7b) was obtained in which those rings not belonging to this
zone were absent. When a smaller aperture was used, a nearly single
crystal pattern resulted (Fig. 4.7a). Notice however that some spots
are rotated by a small angle (~10°). This diffraction pattern was
obtained from the area shown in Fig. 4.8a and over the boundary marked
A. A is therefore a boundary between two parts of the crystal which
are rotated with respect to each other. The distance between dis-
Tocations required to accommodate a misorientation of 10° is about
17 R; this corresponds to the distance between the dislocations in

Fig. 4.8c. Figure 4.8b shows another boundary marked C which appears

to be more or less perpendicular to the foil plane.

These high magnification images show that besides the high angle
grain boundaries, there exist many small angle boundaries accommoda-
ting small misorientations. These subgrains are all less than 1 y,
and are typically of the order of 0.1 u in dimension.

The films provided by the University of Delaware group were very
similar in microstructure (Fig. 4.9). Fine grains of about 0.2 wm in
size were separated by small angle grain boundaries as evidenced by
the small change in contrast when crossing a boundary. In addition,
long dislocations as observed in the single crystal films are seen to
traverse the grains (see arrows in Fig. 4.9). Note that the strongly

mottled background structure present in Figs. 4.6 and 4.8 is absent.
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This is due to the fact that this film was prepared for electron
microscopy by chemical rather than ion thinning. It is clear then
that the two different polycrystalline films made by Westinghouse and
the University of Delaware are very similar in their defect struc-
tures; a result which is not surprising since both were vapor deposi-
ted onto Zn-plated Cu substrates. Both have subgrain boundaries on a
much smaller scale than the grains detected by SEM. The grain
interior shows a dislocation structure which is compatible with the
structure of the single crystal films described earlier.
4.5 Different Methods of CuXS Formation

In this section, a number of preliminary experiments are
described which were designed to scan the various ways in which CuxS

can be formed on CdS as required for heterojunction fabrication.

a. Reactive sputtering

Figure 4.10 shows the microstructure and diffraction pattern
obtained from a single crystal CdS film which was reactively sputter-
deposited with CuxS by the Lawrence Livermore Laboratory. The extra
spots due to the CuXS layer are readily visible in the electron dif-
fraction pattern (Fig. 4.10b) and indicate that the CuXS had been
deposited epitaxially. When CuXS was reactively sputtered onto car-
bon coated electron microscope grids, the microstructures shown in the
electron micrographs in Fig. 4.11 were obtained. Two different
samples were examined; one with larger grain size (Fig. 4.1la,c) and
one with smaller grain size (Fig. 4.11b,d). 1In the latter sample,

these grains appear to have planar faults (Fig. 4.11d),
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which are absent in the other sample. In the same geometry, the two
samples differed in electrical resistance by a factor of 50. This may
be interpreted as either different CuxS phases being present in the

21 or the

two samples giving rise to the change in resistivity,
effect of grain size.

b. Ton-Exchange Method

A single crystal CdS film was dipped into a copper chloride
solution held at 90°C and examined after slight fon milling.
Figure 4.12 clearly shows the Moiré fringes arising from the topotax-
ial layer of CUXS with a spacing measured to be about 40 A. This
spacing corresponds to parallel Moires produced by the difference in
spacing of the (1120) CdS and the (800) CuxS spots (see Fig. 4.12b).

This figure is an example of how previously characterized thin
films of CdS or (Cd,Zn)S may be partially converted to CuxS,
Because of the topotaxial relationship, a single crystal diffraction
pattern as in Fig. 4.12b will be obtained which may be used to iden-
tify the local structure and morphology of the CuxS. Work antici-
pated for the future is to perfect this technique and proceed along
similar lines for polycrystalline samples. A more detailed example of
this type of local identification of phases is discussed below.

¢c. CdS Doped with Cu at the Growth Temperature

This sample was provided by the Westinghouse group and was

prepared as follows: the proprietary coating on the copper substrate
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sheet was stripped by chemical etching, and CdS vapor deposited on
this surface. Upon cooling the film was black, presumably from the
diffusion of Cu into the CdS film during growth. Preliminary SEM-EDAX
work showed that the sample had not been completely converted to
cuprous sulfide.

When this film was ion-milled and examined by TEM, it was found
to be profusely faulted. The electron diffraction pattern showed
streaking in the ¢(1010) directions indicating that the faults lie on
the {1010} prism planes. Figure 4.13 compares the bright field image
and the diffraction pattern of an undoped CdS film (Fig. 4.13a,b) with
those from a doped film (Fig. 4.13c,d). Notice that when no copper
was added, there were no faults or streaking in the electron diffrac-
tion pattern.

When the diffraction pattern was analyzed (Fig. 4.14c,d), it was
found that besides the streaking through the {1010} type spots, extra
spots appeared halfway between them (Fig. 4.14d). The distance
between the spots corresponds to a spacing of 7.2 A. Figures 4.14a
and b show a bright field and lattice image of these planes with no
marked interruptions of the fringe spacing found. It was concluded
that the platelets were probably Cu precipitates arranged in a nearly
periodic manner, rather than polytypes of CdS.

The nature of various kinds of faults in the sphalerite structure

has been described by Ho]t22

as shown in Fig. 4.15. The antiphase
boundary (APB) of Type II is synonymous with a thin platelet of

precipitate. It is likely that faults of this kind may be formed when
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Antiphase boundaries in the sphalerite structure [(170) projection]. Zig-zag
lines denote wrong bonds. (a) Type I APB on (113) plane; (b) type 1l APB on (IT1) involving
wrong B-B bonds only and an excess of B atoms; (¢) type 11 APB involving wrong A-A
bonds with an excess of A atoms (Holt, 1969).

XBL 786-9204

Figure 4.15



77

copper is diffused into a polycrystalline CdS film. Note that APB's
of Type II result in a change of the polarity of the crystal surface
(Fig. 4.15b,c). Since such faults could occur on a fine scale in
polycrystalline films, it is possible that the difficulty in determin-
ing the polarity of polycrystalline CdS by etching may be a direct
result of faults of this kind. In addition to Type II APB's, it is
also likely that APB's of Type I exist in CdS. These have lower
energy than Type II faults and would appear in TEM as dark wavy

lines. These resulis may provide further information as to the role
of Cu diffusion in the ion-exchange conversion process in forming

Cu S.
X
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5. Electrical and Optical Measurements
5.1 Hall Effect Measurements

Hall Effect experiments were conducted on CdS films grown in the
Van der Pauw geometry to obtain values of Hall mobility parallel to
the substrate surface ("in-plane"), carrier concentration and resis-
tivity. These electrical results were then correlated with structural
information as obtained by TEM of these same films and also with their
growth conditions. The results are summarized in Table 5.1 in which
the Hall mobilities were measured at room temperature with a magnetic
field of 6 KGauss.

An order of magnitude variation in Hall mobilities was observed
with the lower values obtained from the polycrystalline samples.
Because of the differences between substrate orientation and growth
conditions, more specific relationships could not be determined. It
should be noted, however, that despite the dislocations observed in
these grown films (as discussed in Section 4), the carrier mobilities
compared well with other measured values as listed in Table 5.1, The

role of grain boundaries and surfaces,ZB 24 0

and stacking faults n
the electrical properties of polycrystalline CdS has been discussed by
Kazmerski, Berry and Allen. An empirical model was developed to
explain the scattering effects of these defects. It was concluded
that the fabrication parameters, especially the deposition rate and
substrate temperature, determined the nature of the crystalline

imperfections and therefore the electrical properties.



Table 5.1.

Hall Effect Measurements

Growth Rate Hall Mobility Carrier Concentration
Sample Substrate Afumole) Crystallinity (cm2/V-sec) (cm‘3)
2148 (111) Ga face — Single Crystal 44 .6 1016_1017
6208  12° off (111) 65.89 Single Crystal 128.5 1.4 x 1017
Ga face -

6158 (II1) As face 21.40 Polycrystalline 13.8 2.7 x 1016
6218  (II1) As face 23.30 Polycrystalline 20.3 5.2 x 1016

a (111) Ga face  {(~ 3,000 A/min)  Single Crystal 125 - 154 5.4x1017-1.7x1018

b- Corning 7059 (40-400 A/min) Polycrystalline 11.1 - 16.0 1015 ~ 1016
References

a - A. Yoshikawa and Y. Sakai, Japan. J. Appl. Phys. 13, 547 (1974).

b - L. L. Kazmerski, W. B. Berry and C. W. Allen, J. Appl. Phys. 43, 3515 (1972).

6/
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Yoshikawa and Sakai™~ reported that CdS films grown on GaAs

substrates in HZ gas by the close-spaced technique resulted in films
with Tow resistivity and carrier concentrations as high as 5 x 1019 cmw3°
They found for films grown at substrate temperatures of 750°C for

10 min. that the dominant donor species was Ga which had diffused from
the GaAs substrate. Our Hall measurements made on single crystal and
polycrystalline films grown on GaAs substrates showed carrier concen-
trations in the 1016m1017 cm"’3 range, This data along with the

fact that the films were grown at substrate temperatures 300°C lower

than that used by Yoshikawa and Sakai led us to believe that auto-
doping was not occurring.

Hall mobility measurements of two samples at room temperature were
made at different magnetic fields to determine the effects of magneto-
resistance. Figures 5.1 and 5.2 show the change in Hall mobility with
magnetic field for samples 6208 (single crystal CdS) and 6218 (poly-
crystalline CdS), respectively. Note that the curves take the same
form for both single crystal and polycrystalline samples. Beer and
wiiiardson925 by taking into account mixed scattering from acoustic
phonons and ionized impurities, have reported this same type of
behavior for single crystal Ge. Since our measurements were taken at

room temperature, scattering from both of these processes were

probably present.
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5.2 Heterojunction Fabrication

Figure 5.3 shows a schematic cross-section of a completed device,
less contacts. The steps in producing this structure from the
(Cd,Zn)S film grown on GaAs were as follows: (1) The surface of the
film was polished to provide a planar interface, provided the film was
thick enough {210 um) to withstand this treatment. (2) The surface
was given a short etch in dilute HC1. (This step was not performed
for early cells.) (3) CuCl was vacuum evaporated onto the surface
through a mask. (4) The cell was heated in an argon or argon
+2 percent H2 atmosphere for times from 30 min. to 2 hrs. at between
130°C and 175°C. (5) The reaction products were washed off the
surface in water and in methanol. (6) At this point silver paint
contacts were f@rmed'éﬁ the CuXS layer and the GaAs to check that
the device worked. (7) If the device gave a photovoltaic response in
the "“front-wall" mode in step 6, the GaAs was masked at the edges with
enamel and etched away from the back of the (Cd,Zn)S film in chlorine
bleach. (8) Finally, the silver paint contacts were remade.

Table 5.2 shows the details of each step for the cells made on films
grown on GaAs substrates. (The first segment of the cell designation
denotes the CdS or (Cd,Zn)S film used as listed in Section 3.)

A few remarks about the ohmic contacts are in order here. The
silver paint was adequate for contacting the CuXS layer; although
when the CuXS was too thin there was a measurable photovoltaic
(P.V.) response from the paint which formed a Schottky barrier with

the mixed crystal. The contact to the (Cd,Zn)S presented more of a
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Table 5.2. Summary of Device Experiments for Films Grown on GaAs Substrates
Etch Heat Tr. Isc Voc® CuyS Formation
time/HCI time-temp. W-Tamp or W-lamp or nS = Dry Process
Cell No. Polish conc. {hrs.-"C) {sunlight) {sunlight) fraction = Sputtered Comments
10046-1 none none 1.0 = 137 = 3 5 mAF A1 VF 0 D CdS film
.16 mA B .34 VB
20472 1ym C 5 minf25% 2.0 ~ 135 — — .29 D Shorted
5247-1 none none 0.5 - 170 ~ 10 A F ~JAVF .15 D Unstable~shorted
after appl. of ~ 10 V¥
bias
6167-1 none 5 sec/10% 0.5 - 180 24 yA F A8 VF .19 D In contact to
~ 1.2 mA/cmé (Cd,Zn)s
(15 wA F) (.38 V F)
6167-2 none 5 sec/10% 2.0 -~ 185 - — .19 D Shorted
6177-1 none 5 sec/10% 2.0 - 185 e —— .11 D Shorted
6217-1 none 5 sec/10% 2.0 - 185 ~ 1 uA e W17 D High {~ .6V} barrier
1208-1 none 5 sec/10% 2.0 - 185 200 wA F S0V F 0 D Non-ohmic back
~ 10 mA/cm? contact - High Rg
9077-1 none none (3 min in Air 21 uA F 34 VF 0 S Polycrystalline CdS
€@ 200°C)
9077-1 none none (Add 3 min in 40 yA F 34 VF 0 S Additional Heat
Air @ 200°C) Treatment
3088-1 none none (3 min in Ar 2 mAjcml F A2 VF .03 S "Reverse-knee"
@ 200°C)
*F = Front-wall
B = Back-wall

co
[&)]
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problem, however. The GaAs could be contacted satisfactorily with
silver paint, but since the GaAs-(Cd,Zn)S interface (at least with
In-doped, p-type GaAs) behaved as a "leaky" diode, the overall contact
resistance was too high. Indium was used to contact the front of the
mixed crystal, but such contacts were not more effective because the
film resistivity was too high to collect "in-plane" currents effici-
ently (see the results for cell No. 61671 in Table 5.2).

In order to use the substrate as an ohmic back contact for front-
wall cells, n-type GaAs was used. It was not known if the n-CdS/n-GaAs
heterojunction would be ohmic because of the uncertainty in the values
of electron affinity (from Table 3.1 AEC = .43-,80 eV) and also
because of the effect of interface states. Experiments with n-GaAs
substrates determined that this heterojunction also acted as a "leaky"
diode. Ohmic junctions were obtained for CdS grown on n-type Ge sub-
strates allowing for front-wall cell construction.

CuXS was deposited by reactive sputtering onto our CdS and
(Cd,Zn)S thin films by the Lawrence Livermore Laboratory for compari-
son with the dry process. These heterojunctions were structurally
(see Section 4.5a) and electrically characterized. The sputtering
parameters 1in forming these CuxS films are described e?sewhere°26
5.3 Current-Voltage Measurements

The 1~V characteristics of a representative sample of cells using
Gals substrates are summarized in Table 5.Z2. As noted in the previous

section, difficulties were encountered in using both p- and n-type
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GaAs substrates because of the non-ohmic back junction for front-wall
cells. This affected the illuminated I-V characteristics resulting in
a "reverse-knee" as shown in Fig. 5.4. Front-wall tungsten lamp and
sunlight I-V curves for a cell (6167-1) using an In contact to the
(Cd,Zn)S are shown in Figs. 5.5a and b, respectively. (No attempt was
made to simulate any sunlight-equivalent condition with the tungsten
lamp. It was intended only as a reproducible experimental condition
for comparison between cells). As discussed in the following section
on spectral response measurements, the low currents measured were
partly due to the insufficient thickness of the CuXS layers.,

Many of the cells produced by the dry process using heat
treatment temperatures greater than 100°C resulted in shorted
devices. Figure 5.6 is an SEM micrograph of the top surface of a

(Cd,Zn)S film (Run 9258) converted to CuXS by heat treating at 135°C
for 1 hour. The cracks which were observed only after the conversion
process are due to the difference in lattice parameter as reported by

27 28 1y s

Singer and Faeth,”" and Cook, Shiozawa and Augustine.
believed that these cracks provide a fast diffusion path for Cu
resulting in short-circuits through the cell. Non-shorted cells using
the dry process were possible for the thicker CdS or (Cd,Zn)S films,
To circumvent the shorting problems associated with the dry
process, devices were also formed by reactive sputtering of CuXSe
Some of these results are summarized in Table 5.2. Other experiments
were performed in which the heat treatment temperature and time used

for the dry conversion process was varied, Figure 5.7 shows the
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original CdS and converted regions using a heat treatment temperature
of 60°C for 1/2 hour. No cracks were observed in this case for the
entire surface. The converted CuXS region was checked using EDAX.
Figure 5.8a is the EDAX spectrum of the area marked as CdS in Fig. 5.7,
showing the characteristic lines for the elements S, Cd and Ge (from
the underlying substrate). Figure 5.8b shows the presence of Cu which
was detected only in the evaporated CuCl region which was converted to
CuXSe The I-V characteristics of this cell are shown in Fig. 5.9b.
When the conversion process was performed at 60°C for 1 hour on a
different CdS film (8249), the short-circuit current increased while
the open-circuit voltage decreased as shown in Fig. 5.9a. This may be
explained by a thicker CuxS layer and hence larger generation of
carriers but a higher shunt conductance was measured, resulting in a
Tower V..
5.4 Spectral Response Measurements

A rather sophisticated apparatus for obtaining electrical and
photo-electrical measurements on CdS/CuXS or (Cd,Zn)S/CuXS hetero-
junctions is desirable because of the well-known difficulties involved
in making reliable measurements of the properties of these devices.
The design objectives of the apparatus used in this project were: (1)
to allow for spectral response measurements using either monochromatic
Tight with very low stray light levels or a chopped monochromatic beam
together with "bias" illumination and (2) to obtain truly steady-state
current-voltage measurements at temperatures between 77°K and 350°K

and at any illumination (including zero). The
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motivation for the first objective is a need to study systematically
the nonlinear "two-beam" effects found in these devices. The impor-
tance of the second objective is a result of the long-lived trapping
states which give rise to very long relaxation times - especially in
the dark - in the I-V characteristics of these heterojunctions.

Figure 5.10 shows a block diagram of the apparatus in the
spectral response configuration. The system controller is an 8080-
based microcomputer with a resident BASIC interpreter which allows
great flexibility in control of the different experimental variables.
The light source consists of a tungsten halide lamp, usuable to wave-
lengths down to ~ 350 nm, whose intensity is under program control.
The light beam is focused onto the entrance slit of the double-grating
monochromator which is driven by a motor. The motor also drives a
variable resistor connected to a transresistance amplifier to provide
a voltage precisely proportional to the wavelength setting of the
monochromator, The wavelength range and wavelength change per step
are inputted through the teletype. The double grating monochromator
is used to achieve very low stray light to insure that the spectral
response measured in the absence of bias illumination is indeed the
monochromatic response.

The beam emerging from the exit slit of the monochromator is
incident on both the cell being tested and a thermopile (Sensors,
Inc., Model L22-18) whose sensitivity is wavelength independent

(within a few percent, in the range from 450 to 9000 nm, limited by
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its CaF2 window material). The beam is split using a beam scanning
galvanometer driven by a power oscillator. This configuration is used
to achieve a stable chopping freguency to provide a high signal-to-
noise ratio of the short-circuit current and thermopile (light inten-
sity) signals. The thermopile output is amplified by a Keithley
"lock-in" amplifier and monitored by the controller as V(1) (see

Fig. 5.10). The output of the test cell is connected to an opera-
tional amplifier circuit of very low input impedance (S 1Q) to
approximate short-circuit conditions. This signal is then phase-
sensitively detected in the same manner as the thermopile signal.
This d.c. voltage, proportional to the a.c. short-circuit current, is
recorded by the controller as V(2).

The BASIC program for control of the steady-state spectral
response measurements was written so that a set of ten readings of the
short-circuit current, with a variable time delay between readings,
was taken at a given wavelength. The mean and standard deviation of
this data group were then calculated by the microcomputer. A second
set of ten readings along with the mean and standard deviation was
subsequently taken. The data was considered stable only if the
difference between the means of the two sets of readings was less than
the sum of the standard deviations; if not, the program initiated
another set of measurements. The same procedure was used for obtain-
ing thermopile readings to determine the normalized short-circuit
current. The wavelength at which the readings were taken, the average

thermopile signal and its standard deviation, the average of the last
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twenty stable readings of the short-circuit current and its standard
deviation, and normalized short-circuit current were then printed on
the teletype and magnetic tape. There was also provision for an
on-1ine plot of the spectral response using an analog divide module
and an X-Y recorder as shown in Fig, 5.10.

Also shown in Fig. 5.10 are the components to be used for I-V-T
measurements. The environmental chamber for the test cell consists of
an evacuated sample holder immersed in a liquid nitrogen dewar with a
heater and thermocouple to allow program control of the sample temper-
ature. An available bias voltage from 0 to 1V is shown in the Analog
Driver Power Supply. Difficulties in producing cells of Tow enough
series resistance has limited the usage of the I-V-T measurement
portion of the apparatus.

Figure 5.11 shows the room temperature front-wall mode spectral
response of cell 6167-1. This measurement indicates that the CuxS
layer was too thin since there was a large mixed crystal response at
~ 400 nm in spite of the good long wavelength response; this contri-
butes to the low measured short-circuit current. The shape of the
long wavelength response indicates good stoichiometry of the CuxS; a
moderately thick chalcocite (CuZS) Tayer, however, would be opaque
at 400 nm. Spectral response measurements of cells for which the
CuxS was formed by reactive sputtering showed very similar

characteristics with a large response from the CdS or (Cd,Zn)S.



SHORT CIRCUIT CURRENT f(arb. units)

ole]

99

Cell 616 -1
(without white bias light)

400

600 800
A (nm)

Figure 5.11

1000

XBL 777-5844



100

6. Discussion and Recommendations

As stated earlier in this report, the objective of this program
was to better understand some of the factors affecting the efficiency
of CuXS/CdS and CuXS/(CdBZn)S solar cells. 1In order to reduce the
number of variables, the simplest configuration was used, i.e., a
planar interface between single crystal CdS and (Cd,Zn)S films and
epitaxial CuXSE This situation is equivalent to studying the small-
est unit of a polycrystalline cell, i.e., a single grain. However,
even in this case, cell efficiency is influenced by many variables as -
illustrated in this report. The most important of these and our
recommendations as to their control are outlined below.
6.1 Film Growth

A number of different single crystal semiconductor surfaces and
orientations were used as substrates for the heteroepitaxial growth of
CdS and (Cd,Zn)S;: each of which presented its own unique set of prob-
lems. Much effort was devoted towards solving these problems in order
to obtain good single crysta?ffi1ms which could be used to form
heterojunction cells and also be characterized after each processing
step. This was considered an essential asbect of the program because
detailed information concerning growth conditions and defect structure
could be correlated with device performance.

It was found experimentally that both the composition and growth
rate of (Cd,Zn)S single crystal films depended very strongly on the
ratio of CdS to InS evaporated as shown in Figs. 3.12-3.14. These

graphs may be used as guidelines for the vapor growth of (Cd,Zn)S thin
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films of a desired composition. These same experiments also indicated
the importance of eliminating cross-contamination between the CdS and
ZnS souvrces. It should also be noted that for lateral uniformity of
the film composition, due to the higher diffusivity of Cd, temperature
gradients across the substrate surface must be avoided.

It was found that GaAs substrates were unsuitable for front-wall
test cell construction because of the non-ohmic junction with CdS.
Film growth experiments on the various (111) Ga or As faces and
off-(111) orientations were of interest, however, in providing
information about growth rates and crystalline perfection. TEM
studies and Hall Effect experiments were conducted on these films to
try to identify effects of structural defects on electrical proper-
ties. A large part of this information was transferred to the growth
of CdS and (Cd,Zn)S on (111) n-Ge which does form an ohmic isotype
heterojunction,

Processing parameters for the deposition of single crystal CdS on
Ge substrates were determined and reproducible growth was attained.
For (Cd,Zn)S film growth it was found that an intermediate layer of
pure CdS was necessary. Films grown on Ge substrates were used for
TEM examination and cell fabrication.

6.2 Defect Structure

Recent improvement in the preparation technique of thin foils for
electron microscopy has made a detailed structural characterization of
the films possible. It was shown that a relatively high density of

dislocations exists in the single crystal CdS films. Loose
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dislocation networks parallel to the plane of the foil in or near the
CdS/substrate interface were found in all the samples ihvestigatedq
Closer to the top surface of the film a lower density of steeply
inclined dislocations was present. A network of misfit dislocations,
as shown in Fig. 4.1la, is necessary to accommodate the mismatch
between the substrate and the film,

Inclined dislocations perpendicular to the substrate as shown in
Figs. 4.1b and ¢ have no role in the accommodation of the lattice mis-
match. Their existence was probably due to the growing together of
misfitting islands of CdS during the early stages of film growth. If
this is indeed the case, then some dislocation lines are likely to
traverse the entire thickness of the CdS film, providing an easy
diffusion path for Cu during the heterojunction formation or sub-
sequent heat treatments. As a result, short circuiting of the cell,
as experimentally observed in some cases, may occur. A more con-
clusive check of this mechanism would be the examination of a cross-
section of the CdS/substrate interface in TEM. Long inclined disloca-
tions and their effects on the structure of the CuxS/CdS hetero-
Jjunction could then be studied,

While the TEM micrographs such as Figs. 4.10 and 4.12 show the
structural similarity between CuXS films that were formed on CdS by
reactive sputtering and by the ion exchange methods, much more
detailed work is necessary to determine the composition and structure
of the various CuxS phases characteristic of a given fabrication |

process. The transmission electron microscope is unique in its
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ability to identify crystal structures locally while at the same time
providing detailed morphological information. An example of the reso-
lution with which structures may be observed is shown in Fig. 4.14,
Using similar techniques the study of the heterojunction would be
possible allowing for a detailed analysis of its interface structure.
Valuable direct information could thus be obtained about the perfec-
tion of the heterojunction, localized defects which may act as trap-
ping or recombination centers, the mechanism of the ion exchange
reaction itself, and the influence of defects inherited from the CdS
film. This preliminary study demonstrates that further work of this
type could contribute to a more fundamental understanding of the role
of defects in determining the properties of the CuxS/CdS and
CuxS/(CdSZn)S cells,

Although the major part of this study focused on single crystal
films, many of the findings also apply to polycrystals. In particu-
lar, it is believed that a basic structural understanding of the kinds
of defects present at or near the junction as provided by the tech-
niques of TEM will be found to be essential to the successful develop-
ment of a technology for the reproducible growth of high-efficiency,
long Tife-time cells. The process of degradation could be studied "in

situ” in a TEM equipped with an environmental cell,
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6.3 Test Device Performance

Test devices were fabricated to determine the effects of
different processing parameters on resulting structural and electrical
properties. Hall Effect experiments showed electron mobilities in our
vapor grown CdS films which are comparable to other published
results., This indicates that the dislocations observed in these grown
films did not seriously affect the bulk properties. However, as noted
in the previous section, these same dislocations may be extremely
detrimental during the heterojunction formation or heat treatment and
therefore adversely affect cell performance,

The current voltage characteristics of cells formed by the
jon-exchange and reactive sputtering processes showed low short-
circuit current densities. This was partly due to the inadequate
thickness of the CuxS resulting in lower absorption of photons as
observed in the spectral response measurements. Cells formed by the
jon-exchange method also had low shunt resistances resulting in poor
fill factors. One possible cause is the role of inclined dislocations
in providing low resistance shunting paths. To improve the perform-
ance of these test cells several aspects of the cell construction
could be altered. The total series resistance of the cell could be
lowered by doping the CdS or (Cd,Zn)S films with In and also by the
development of a better front contact structure to prevent current
crowding, Another critical improvement would be the optimization of

CuXS thickness and stoichiometry.
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The cell performance predicted on the basis of bulk electronic
properties of CdS, (Cd,Zn)S and CuXS and their idealized interface
exceeds that found in any real device made to date. It is increas-
ingly clear that other factors such as the structural perfection of
the films and heterojunction interface are Timiting the cell effici-
ency. A more extensive high resolution study of the defect popula-
tions in single crystal and polycrystalline CuXS/CdS and CuXS/(CdQZn)S
photovoltaic devices is essential to provide the kind of information
that will be necessary to identify steps in the present techniques for
fabricating cells that need improvement.

Much of the effort of this program was spent on overcoming
problems encountered in the preparation of good quality single crystal
films and the preparation of undamaged electron microscope specimens
for their characterization, Now that these problems have been solved,
it is clear that further work can achieve meaningful correlations

between structural information and cell performance.
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